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DESPITE SIGNIFICANT ADVANCES in supportive care and improvements in ventilator management (1) , acute lung injury (ALI) and adult respiratory distress syndrome (ARDS) are still associated with 30 -45% mortality, which accounts for nearly 75,000 deaths/yr in the United States (36) . Although more than four decades since its first description (2) , the persistent high death rate related to ALI/ARDS continues to be a formidable challenge. Even results from recent meta-analyses have been contradictory as to whether ALI/ARDS mortality rates have changed over the last 15 yr (29, 50) . Although anyone at any age can die after the development and progression of ALI/ ARDS, older patients have an increased risk of dying (36, 39, 40, 51) . Accordingly, as the population gets older, the future social and healthcare burdens surrounding ALI will continue to escalate. Consequently, alternative research strategies are needed to address this unremitting problem.
The pathophysiology of ALI has been described in detail (11, 18, 24, 25, 45, 46 ), yet little is known about the critical genes or gene products involved in the pathological mechanisms that lead to death. Because only ϳ20% of ALI/ARDS patients die from refractory respiratory failure (15, 26, 43) , the most important factors and mediators resulting in death are not obvious and may be far removed from lung-related phenotypes. This could, in part, explain the problems in identifying factors (and their associated genes) that lead to better prognoses. The difficulty is highlighted by the fact that no specific pharmacological therapies have reduced mortality in large phase III studies (7) . Therefore, with the long-term goal of significantly decreasing ALI-associated mortality, we embarked on a very different strategy to traditional candidate gene approaches. Rather than predicting and testing genes directly or indirectly associated with ALI one at a time, quantitative trait locus (QTL) analysis initially identifies chromosomal regions of linkage without a priori prediction of the genes likely to harbor risk variants. Subsequent resolution of these QTLs will generate new hypotheses-driven studies aimed at decreasing ALI-associated mortality.
Using continuous hyperoxia, a well-established method to induce lung injury and death in animals (4, 5, 20, 44, 47) , we (33) recently demonstrated that survival time with hyperoxic ALI (HALI) was a heritable phenotype in mice. Analysis of reciprocal F 1 mice generated from sensitive C57BL/6J (B) mice and resistant 129X1/SvJ (S) mice [i.e., B ϫ S (or B.S) and S ϫ B (or S.B)] revealed a parent of origin effect. To further investigate this parent of origin difference, a large F 2 population (n ϭ 840 mice) was produced, consisting of 197 or more mice from each of the four possible intercrosses between B and S inbred mice. QTL analysis of the total F 2 population identified five genomic regions (i.e., QTLs) significantly linked to HALI survival time, designated survival to hyperoxic acute lung injury 1-5 (Shali1-5) (32) . Additional genetic analyses of F 2 subpopulations identified significant sex, cross, and parent of origin effects on HALI survival time and demonstrated that a further increase in HALI survival time was due to a recombination of resistance alleles originating from both parental strains.
To validate these findings and further examine the mode of inheritance of HALI survival time, we generated and tested a large population (n ϭ 935) of B-S-derived backcross mice. This population consisted of at least 94 mice from each of the eight possible backcross breeding schemes (Table 1) . Separate segregation and QTL analyses were performed on males, females, and all mice for the group S backcrosses (i.e., the four backcrosses that yielded SS or SB genotypes), the group B backcrosses (i.e., the four backcrosses that yielded BB or SB genotypes), and the total backcross population. Segregation analyses verified significant cross and sex effects for HALI survival time among the backcross groups. QTL analyses results from the total backcross population verified Shali1 and Shali2 as highly significant linkages. Interestingly, when dividing the total population into the group B and S backcrosses, Shali1 was highly significant in group S backcrosses and Shali2 was highly significant in group B backcrosses. Overall, the backcross data validated that the S allele for Shali1 and the B allele for Shali2 are dominant or additive for HALI resistance. QTL analysis of the combined dataset, consisting of total B-S-derived backcrosses and F 2 mice, confirmed Shali1-5 as significant loci.
MATERIALS AND METHODS

Mice
From our initial screen of 18 inbred mouse strains, group B mice were identified as sensitive, whereas group S mice were significantly more resistant to HALI-induced mortality, although the penetrance of the resistance trait was low, ranging from 30% to 35% (33) . Crosses of these strains (the B-S model) were used to generate mice for initial genetic and segregation analyses and the subsequent QTL analysis. First, reciprocal F 1 lines were generated by breeding B females to S males (B.S) and S females to B males (S.B). The significant phenotype difference between these reciprocal F 1 mice suggested a parent of origin effect, so reciprocal F1 offspring were systematically bred back to both parental lines, with the goal of generating ϳ100 mice or more for each of the eight possible backcrosses (Table 1) ; a total of 935 backcross mice were used in these genetic experiments. Additional experiments were performed on a combined dataset consisting of this backcross population and the previously described (32, 33) F 2 population (n ϭ 840) in a single group of 1,775 recombinant mice.
Hyperoxia Exposure
Mice in standard shoebox cages with food and water ad libitum were placed inside a 0.13-m 3 Plexiglas inhalation chamber (Stellar Plastics, Detroit, MI) and exposed continuously to Ͼ95% O2 until death. Each chamber housed up to nine cages with four mice per cage; individual mice were clearly visible from above and/or the sides. O 2 level in the chamber was continuously controlled using a ProOx 110 portable O 2 monitor (Biospherix, Redfield, NY), which was calibrated before each exposure using room air and 100% O2. The status of the exposures was closely monitored, such that the determined survival time for each mouse was within 5% error. Mice were exposed between 6 and 12 wk of age, and each exposure was continued until all mice within the chamber were dead. Mice included in these experiments were bred and exposed over a period of ϳ5 yr; no significant seasonal differences were noted. Mice were handled in accordance with protocols approved by the Institutional Animal Care and Use Committee of Cincinnati Children's Hospital Medical Center.
DNA Preparation
Genomic DNA was isolated from 0.5-cm tail clips using a commercial DNA extraction kit (Wizard Genomic DNA, Promega, Madison, WI). A SpectraMAX 190 spectrophotometer (Molecular Devices, Sunnyvale, CA) and a 96-well quartz plate were used to analyze samples for purity (absorbance at 260/280 nm) and DNA content (absorbance at 260 nm). DNAs were diluted to 20 ng/l for PCR requiring agarose gel separation or to 5 ng/l for PCR using fluorescence genotyping.
Genotype Analysis
Primer pairs for polymorphic markers between the B and S strains were purchased from Research Genetics/Invitrogen (Frederick, MD) or IDT (Coralville, IA). PCR was performed in 15-l volumes in 96-well plates (USA Scientific, Ocala, FL) using a four-block thermocycler (model PTC-225 or PTC-240, Bio-Rad) as previously described (33) . Markers with PCR product allele sizes of 5% or more were separated by 2.5-4% agarose (ISC BioExpress, Kaysville, UT) gels and stained with ethidium bromide. Microsatellite markers Ͻ5% different in allele size were amplified from 20 ng of total DNA using fluorescent primers synthesized by ABI and the protocols provided. Fluorescent PCR products were separated using an ABI-3730xL sequencer located at the Cincinnati Children's Hospital DNA Sequencing Core Facility (http://dna.chmcc.org/), and genotypes were ascertained using GeneMapper software (version 3.5, ABI).
Segregation Analysis
Because survival times of the reciprocal F 1 and F2 mice suggested a parent of origin effect in HALI survival (33) , offspring from all eight possible backcross breeding schemes (Table 1) were generated to further investigate these cross and sex differences and to help predict trait heritability. Survival times were assessed in total mice and in males and females separately for each of the following cohorts: 1) the total backcross population; 2) the two groups of four combined backcrosses, based on whether the possible genotypes were heterozygous and homozygous S (group S backcrosses ϭ SS or SB) or heterozygous and homozygous B (group B backcrosses ϭ BB or BS); 3) the four backcross pairs generated with the same inbred strain as the dam or sire (i.e., S dam ϭ crosses 9 and 10, S sire ϭ crosses 3 and 8, B dam ϭ crosses 4 and 5, and B sire ϭ crosses 2 and 7); and 4) the combined backcross plus F 2 dataset. Mean survival times (MSTs) were also assessed for total mice in the eight separate backcrosses.
Cross Comparisons and Assessment of Parental Effects
To confirm the cross differences seen in the F2 analysis and further assess these parent of origin effects, single and paired backcrosses within group B or S were compared. Within-group comparisons were valid to assess cross effects, since the genetic compositions of the lines are similar (i.e., group S backcrosses average 75% S alleles and 25% B alleles and group B backcrosses average ϳ75% B alleles and 25% S alleles).
Single crosses. Two comparisons were made for each of the eight backcrosses. Specifically, each backcross was compared with 1) the Backcross pairs. Of the 16 possible paired backcrosses (those with the same inbred or F 1 strain as dam or sire), only the 4 pairs with the same inbred dam or same inbred sire were valid within-group comparisons to assess a parental effect. In particular, offspring of backcrosses from an S dam were compared with those from an S sire and progeny of backcrosses from a B dam were compared with those from a B sire.
Linkage Analysis and QTL Mapping
To assess linkage in the individual and combined backcross groups and to screen for global gene-gene interactions in the group B and S backcross populations, all 935 backcross mice were typed for 78 polymorphic microsatellite markers distributed at 20-to 25-cM intervals across the 19 autosomes; all markers were selected from the total set previously typed in the large F 2 study (32) . In addition, all mice were screened with four X chromosome (Chr) markers to assess whether the sex effect might be due to X Chr linkage. Chrs 1 and 4 were more densely typed to help further define the previously identified QTL interval(s). The phenotype used in all QTL analyses was log survival time, since log transformation better approximated a normal distribution. All phenotype and genotype data were analyzed for main effect QTLs using the freely available R/QTL (9) and GridQTL (http://www.gridqtl.org.uk/) computer packages where appropriate. Significance levels were determined using 10,000 permutations of the corresponding dataset for R/QTL analysis or 1,000 permutations for GridQTL and set at genome-wide significance levels of P Ͻ 0.001, 0.01, and 0.1 for highly significant, significant, or suggestive linkage, respectively.
To assess gene-gene interactions (i.e., additivity and epistasis), all pairwise combinations were evaluated separately in the group B and S backcross populations using the scantwo function of R/QTL. Empirical threshold significance values for pairwise effects were determined using 1,000 permutations of the respective log-transformed data; results did not differ from those for 500 permutations.
Estimating QTL Effects and Percent Penetrance
To estimate the contribution of the two major QTLs (Shali1 and Shali2) and this two-QTL combination to survival time, allelic effects were calculated and compared in the combined F 2 plus backcross dataset. The QTL effects were assumed to correspond to the microsatellite marker nearest the peak LOD score. Mice with the same genotype (i.e., B-B, B-S, or S-S) for the representative peak marker of each QTL (i.e., D1Mit303 or D4Mit308) were combined, and the MST of the group was calculated and compared with the MSTs for groups of mice with the other possible genotypes at that marker. For example, the MST of all mice homozygous B for D1Mit303 was compared with the MST of mice that were homozygous S or heterozygous for D1Mit303. Importantly, beyond the similar genotypes at these desired loci, the remainder of the genome differs for the mice within these groups. A calculated difference between allelic groups supported a relative role for that QTL(s) in the overall phenotype, estimated the QTL effect, and suggested a likely mode of inheritance. These calculations were expanded to include combinations with the remaining QTLs (representative peak markers: D1Mit34, D9Mit355, and D15Mit184) and the major interacting QTL on Chr 18 (referred herein as Shali18i) identified in the original F 2 analysis (i.e., D18Mit177). Percent penetrance was estimated as the number of mice within a group that had a resistant genotype and was resistant [i.e., a MST Ͼ 168 h, as previously defined (33)].
Statistical Analyses
Survival time distributions for all backcross cohorts were skewed towards sensitivity, in part due to decreased penetrance of long survival (i.e., resistance). We (33) have previously noted that the resistant S strain also had a skewed distribution, with resistance being 30 -35% penetrant. Because data were skewed, MSTs were used for descriptive statistics (see Tables 2 and 4 and Suppl. Tables 1 and 2) 1 and as the basis for group comparisons. Skewed data violated the normality requirement of most parametric analyses. In addition, because alternative nonparametric statistics are not suitable for modeling multiple factors and interactions at the same time, ANOVA was used with log transformation to satisfy assumptions. Survival analysis, such as the Cox proportional hazards model, was not needed because no censored data were included (i.e., all mice died). Statistical models were constructed with log survival time as the dependent variable and backcross group(s) as the independent variable. Specifically, backcross, dam-sire status, Group B and S backcrosses, sex, and their interactions were all used as predictors with the group of interest. Overall model P values from the F-test are reported as well as pairwise comparisons. Only prespecified comparisons were performed; in particular, parent of origin effects were assessed by comparing backcross groups in which 1) the inbred dams or sires were the same but the F 1 dams or F1 sires were the reciprocal F1s or 2) the dam and sire were switched (i.e., reciprocal backcrosses). Multiplecomparison issues were addressed by applying a Sidak correction (38, 49) to ensure the overall family-wise type I error rate was Ͻ0.05. The Sidak correction is more accurate and less conservative than the Bonferroni adjustment. MST differences between groups are reported as the percentages of increase or decrease, since back transformation of the logarithm gave the geometric means.
RESULTS
A total of 935 mice was generated from the 8 possible backcross breeding schemes (Table 1 ). All descriptive statistics for the total backcross population and the various population cohorts are shown in Table 2 . MSTs of the parental B and S strains did not differ from each other in these backcross exposures, due to very low penetrance of resistance (11%) in the S strain. This differed from our previous findings, which reported ϳ30 -35% penetrance (33) . However, because backcross and F 2 mice were often exposed together, the fact that no difference was found between B and S strains in exposures that included backcross mice was likely due to chance. Nonetheless, it is noteworthy that the MST of the total backcross population (125 h) was significantly higher than that of either parental strain in these experiments, demonstrating an overall gain of resistance in the recombinant population. This validated our previous results showing that the sensitive B strain carries resistance alleles that recombined with resistant S alleles to add overall resistance in (recombinant) offspring (33) . To further investigate cross and sex differences seen in the F 2 analysis, the total population and males or females separately, in all but the individual crosses, were examined in detail in the different backcross cohorts.
Cross Comparisons
Single crosses. MSTs differed for the eight crosses (P Ͻ 0.0001 by F-test), demonstrating that HALI survival time depended on how the mice were bred (i.e., which strain or F 1 was the dam or sire). MSTs for seven of the eight backcross populations were consistent with the phenotype of the maternal (or grandmaternal) inbred strain; only the MST of cross 8 did not agree. To confirm cross differences and to further assess possible parental effects, two within-group comparisons were made for each backcross. A visual representation of the results of these statistical comparisons is shown in Fig. 1A . Each line in Fig. 1A represents a prespecified comparison, with solid lines denoting significant differences and dashed lines representing no difference between compared groups. In total, four of the eight backcross comparisons were significant for a MST difference. One of four comparisons reached significance when crosses of reciprocal F 1 dams or F 1 sires were compared (Fig.  1A, vertical lines) . Specifically, the comparison of crosses 2 and 7 revealed a 19-h MST difference (P Ͻ 0.0001) for mice generated with a B.S dam and B sire (n ϭ 97) compared with those generated from a S.B dam and B sire (n ϭ 100). The comparison of the four reciprocal backcrosses was especially interesting, because each reciprocal pair consisted of the same two strains (inbreds or F 1 hybrids) except that the dam and sire strains were reversed. Three of the four reciprocal backcross comparisons (Fig. 1A, horizontal lines) had a significant difference in MSTs, supporting the previously identified parent of origin effect. In total, the MST of cross 7 was 19% longer than that of cross 2 and 25% longer than that of cross 5. The MST for cross 10 was 22% longer than that of cross 8, and the MST for cross 9 was 12% longer than that of cross 3.
Paired crosses. To further assess parental effects, we combined pairs of backcrosses generated with the same inbred dam or inbred sire. Analysis results revealed significant differences between paired groups (P Ͻ 0.0001 by F-test). Comparisons for the four backcross pairs are shown in Fig. 1B . MSTs for both comparisons were significant. In particular, offspring from the backcross pair with an S dam survived longer than those from an S sire, and mice generated from crosses with a B sire survived significantly longer than those from a B dam (Table 2 and Fig. 1 ). Median survival times (MSTs; in h) were compared between backcrosses, which were split into group S (left; crosses 3, 8, 9 , and 10, which yielded SB or SS genotypes) and group B (right; crosses 2, 4, 5, and 7, which yielded SB or BB genotypes) mating schemes. To assess parental effects, each backcross group was compared with two other backcrosses: 1) that with the same inbred dam or sire but a reciprocal F1 mate or 2) its reciprocal backcross. B: paired backcross comparisons. Within group B and S, the two backcrosses generated from the same inbred dam were combined, and the MST was compared with that for the two backcrosses generated from the same inbred sire. Solid lines between crosses represent statistical differences in MSTs (P Ͻ 0.05 by ANOVA with Sidak correction); dashed lines represent no differences between MSTs of offspring from the compared crosses. Because F2 and backcross mice were frequently exposed in the same chambers, most of the B and S control mice reported herein were also included in the previous reports on F2 mice (32, 33) . Sex effects were tested within each group using nested models based on log survival times, with Sidak adjustments. Medians are presented for descriptive purposes. MST, median survival time. *Statistically significant difference.
Group B versus S crosses.
Backcrosses were also combined based on similar genotypes (i.e., the four group B backcrosses vs. the four group S backcrosses). The importance of the group B and S pairings was suggested by previous findings demonstrating that resistance genes were present in both parental strains (32) . MSTs of group B backcrosses differed from group S backcrosses (P ϭ 0.009).
Assessing Backcross Groups for a Sex Difference
No interaction was found between backcross groups and sex (P ϭ 0.74), demonstrating that the differences between males and females were similar in these backcrosses. Males survived longer than females when the total backcross population was assessed directly (P ϭ 0.005) or when controlling for cross (P ϭ 0.007), paired cross (P ϭ 0.0002), or group B versus S crosses (P ϭ 0.009). In all comparisons of the total backcross population, males survived 5% longer than females, thus verifying the sex difference found in the F 2 population. However, when considering MSTs of individual crosses or cross pairs, a male-female difference (P Ͻ 0.1) was found only for cross 10 and the backcross pair generated with an S dam, although a trend toward a sex difference was apparent in several crosses ( Table 2) .
QTL Analysis
With phenotype data in hand, all 935 mice were genotyped for 82 microsatellite markers distributed throughout the 19 autosomes and the X Chr. QTL analysis was performed on the total backcross population and independently for total males and total females using GridQTL (http://www.gridqtl.org.uk/). Complete QTL results of the total backcross population are shown in Table 3 ; the two highly significant loci are plotted in Fig. 2 . Importantly, QTL analysis identified Shali1 and Shali2 as highly significant linkages, confirming the two major QTLs previously identified with F 2 analysis. Total backcross females were linked to Shali1, but total males were not. Shali3 was significant for linkage, but Shali4 and the male-specific Shali5 locus on distal Chr 1 were not linked in the total backcross population. Suggestive QTLs were also detected on Chrs 2 and 5 (LOD ϭ 3.1 each), which were not found in the earlier F 2 analysis (data not shown). Although a sex difference in HALI MSTs was determined, X Chr linkage was not significant (or even suggestive) in the total backcrosses (LOD score ϭ 0.8) or separate male (LOD score ϭ 0.2) and female (LOD score ϭ 2.1) populations. The result showing no linkage to the X Chr agrees with results from the F 2 population.
Using the R/QTL package (9), linkage analysis was also performed on total mice and separately for males and females for the group B and S backcrosses. Results were checked using GridQTL, with only slight differences in peak LOD scores noted between the two analysis programs. Genome-wide QTL analysis results for total mice in the separate group B and S backcrosses are shown in Fig. 3 . LOD scores for these and the additional subpopulations are shown in Table 3 . Shali1 on Chr 1 was significant in the total group S backcrosses but not in the separate group S males (LOD ϭ 1.0) or females (LOD ϭ 2.0) or any of the group B backcrosses (all LOD scores Յ 2.2). Shali2 on Chr 4 was highly significant in the group B total backcrosses and group B females and significant for group B males but was not significant for any of the group S backcrosses (all LOD scores Յ 0.7). These results clearly separate the Chr 1 and 4 QTL effects into the group B and S backcrosses (Fig. 3) and together closely correlate with results from the total F 2 (32) and total backcrosses (Fig. 2) . Linkage for Chr 15 Shali3 in the total backcrosses appears to be primarily due to significant linkage in the total group S backcrosses. Shali4 on Chr 9 and the male-specific QTL Shali5 on distal Chr 1 were not detected in these backcross cohorts. Again, no X Chr linkage was identified in these cohorts.
The large backcross population also allowed us to run separate genome-wide QTL analyses on the eight individual backcrosses and for the four backcross pairs. The goal of these Quantitative trait locus (QTL) analysis (GridQTL) of log survival time was performed separately for males, females, and all mice in the total backcross population, all backcross pairs, and the backcross ϩ F2 cohorts. R/QTL was used to analyze males, females, and total mice for separate group B and S backcrosses. Each significant or suggestive linkage is presented as a peak LOD score. Chromosomal positions were as follows: Shali1 ͓chromosome (Chr) 1͔, 54 -68 Mbp; Shali5 (Chr 1), 140 Mbp to Chr end; Shali2 (Chr 4), 104 Mbp to Chr end; Shali4 (Chr 9), 88 Mbp to Chr end; and Shali3 (Chr 15), 0-50 Mbp. Significance threshold levels were determined for each population using 10,000 permutations (R/QTL) or 1,000 permutations (GridQTL): *highly significant linkage and †significant linkage. No symbol indicates a suggestive linkage. QTL peaks did not always correlate between groups; thus LOD scores are not always additive.
different analyses was to see if QTLs tracked with specific crosses, parental strains, or sexes. Although no significant linkage was detected in the individual backcrosses (likely due to the small sample sizes), Shali1-3 QTLs were at least suggestive for linkage in one or more of the paired backcross groups (Table 3) . Interestingly, while having the highest MST, the backcross pair generated with an S dam was the only pair that did not show linkage to any Shali QTL.
QTL analysis was also performed on the combined backcross and F 2 populations using GridQTL. Not unexpected, highly significant linkage was identified for the previously identified Shali1-4 QTLs in this combined population. Separate analysis of total males and total females detected highly significant linkage for Shali1 and Shali2 but not Shali4 or Shali5. Shali3 was highly significant in females but only suggestive in males. Total LOD scores for all Shali QTLs (except Shali2) approximated the sum of the separate analyses, suggesting a similar QTL peak in both the backcross and F 2 datasets. The total LOD score for Shali2 was less than additive, suggesting different QTL peaks for males and females. Separate LOD plots for males and females supported this; males had LOD peaks near 130 and 114 Mbp, whereas females had a single LOD peak near 140 Mbp (data not shown). In agreement, total backcrosses (Fig. 2) , group B backcrosses (Fig. 3) , and total F 2 mice (32) identified several peaks across a large distance of Chr 4 at different levels of significance.
Gene-Gene Interactions
We next looked for evidence of additive and/or epistatic interactions in the backcross population using R/QTL (i.e., twoscan). Since R/QTL is currently unable to analyze all backcrosses together, group B and S backcrosses were assessed separately. Based on 1,000 permutations of the respective datasets, neither group B nor S backcrosses reached suggestive significance for any pairwise interactions. Among the QTLs, the group S backcrosses showed additive effects for Shali1 and Shali5 (LOD ϭ 5.1) and for Shali1 and Shali3 (LOD ϭ 6.6). Group B backcrosses had additive effects for Shali1 and Shali2 (LOD ϭ 8.1) and for Shali2 and Shali4 (LOD ϭ 8.0).
Allelic Analysis and Penetrance
Single QTL. To estimate the phenotypic contribution of the Shali QTLs, the separate and combined allelic effects (i.e., the effect of genotype on the MST) of the peak markers for each Shali QTL were determined for total backcrosses, separate group B and S backcrosses, and the combined backcross plus F 2 population. Results for the three genotypes of the Shali1 and QTL analysis was performed separately on group B and S backcrosses using R/QTL (9) . Shali1 (Chr 1, LOD score ϭ 2.9) was highly significant and Shali3 (Chr 15, LOD score ϭ 2.6) was significant in group S backcrosses, whereas only Shali2 (Chr 4, LOD score ϭ 6.0) was highly significant in group B backcrosses. X Chr linkage was assessed only in the segregating backcrosses, i.e., crosses 2 and 7 (group B) and crosses 3 and 8 (group S). Significant (dashed lines) and highly significant (solid lines) linkages were based on 10,000 permutations of each dataset. Permutations for the X Chr were performed separately, as recommended (8). Shali2 combination are shown for the different crosses in Table 4 and Suppl. Table 1 . For total backcrosses, the marker with the largest difference in MSTs between mice that were homozygous SS versus BB was D1Mit303, as expected from QTL analysis results. Mice that were homozygous SS for D1Mit303 had a 16 h longer MST than mice that were homozygous BB for D1Mit303. Unexpected, mice that were SS, BS, or BB for D4Mit308 had no differences in MSTs, which differs from F 2 results that clearly demonstrated the BB genotype imparted resistance. D4Mit308 (14 h) and D9Mit355 (11 h) had the largest differences in group B backcrosses, whereas D1Mit303 (16 h) and D15Mit184 (14.5 h) differed the most in group S backcrosses (data not shown). In the total F 2 plus backcross population, mice that were homozygous SS for D1Mit303 (representing Shali1) had a MST of 23 h longer than mice that were homozygous BB for this marker (Fig. 4) , with a penetrance of 22%. Shali2 and Shali3 each had a lesser effect on survival time.
Two QTLs. In the total backcross population, several two-QTL combinations resulted in MST differences between sensitive and resistant alleles of ϳ24 h, including Shali1 and Shali2, Shali1 and Shali3, Shali1 and Shali4, Shali3 and Shali4, and Shali4 and Shali18i. The calculated MSTs for the seven different Shali1-2 genotypes in the total backcrosses, males, females, and group B and S backcrosses are shown in Suppl. Table 2 .
These differences were further highlighted in the combined backcross and F 2 dataset, which includes all sensitive and resistant genotypes. When identifying the most extreme sensitive and resistant genotype combinations, Shali1 and Shali5 Within each backcross cohort, the MST of all mice with the same genotype at D1Mit303 or D4Mit303 (the peak markers representing the Shali1 and Shali2 effects, respectively) were calculated as described in MATERIALS AND METHODS. *Total n will not add up to the population number due to missing genotypes. Only mice with all genotypes for the respective marker(s) were included in the calculations.
(MST difference ϭ 45.5 h), Shali1 and Shali2 (MST difference ϭ 42.5 h), and Shali1 and Shali3 (MST difference ϭ 42 h) were most significant (Fig. 4) . These results quantified findings from the twoscan analysis of R/QTL, which detected these QTL-QTL additive effects. The penetrance of the resistance trait in mice carrying these top three allelic combinations varied from 19% to 40% (Fig. 4) .
Three or more QTLs. Looking at three or more QTLs simultaneously further highlighted their additive effects and the different allelic combinations that could produce a significant survival difference. For instance, in the combined backcross and F 2 dataset, the MSTs of mice with the best resistant and sensitive allelic combinations differed by 82.5 h for markers representing Shali1, Shali2, and Shali3 (BB-SS-SS ϭ 183.5 h vs. SS-BB-H ϭ 101 h). Other 3-QTL combinations had MST differences of 63-73.5 h between the sensitive and resistant allelic combinations (Fig. 4) . Interestingly, the best 2-QTL combination was included in all but the best 3-QTL combination, suggesting an additive role of Shali2, Shali3, Shali4 or Shali18i to the Shali1-Shali5 combination. Penetrance of the survival trait in mice with resistance alleles for 3-QTL combinations was again improved, to as high as 67% in those with resistance alleles for Shali1-3 (8 of 12 mice). Further supporting this allelic combination, only 1 of 24 mice with sensitive alleles at Shali1-3 demonstrated resistance (data not shown). Though additional QTLs in combination suggested similar additive trends, sample sizes for individual sensitive and resistant allelic combinations were smaller and less reliable.
Mode of Inheritance
In addition to identifying allelic combinations for sensitivity and resistance, this large backcross dataset, with and without the previous F 2 dataset, allowed us to predict the likely mode of inheritance of each QTL. Three inheritance patterns were identified, including the S allele dominant or additive for resistance, the B allele dominant or additive for resistance, and the B allele dominant or additive for sensitivity (Table 5) . While almost always intermediate in the different F 2 crosses (32), survival times of mice heterozygous at peak markers depended on the QTL; MSTs of heterozygous mice were intermediate to mice with homozygous genotypes for Shali1, similar to the BB genotype for Shali4 and Shali18i, or showed no difference between homozygous genotypes for Shali2 and Shali5. From this, we predicted the best sensitive and resistant allelic genotypes for recombinant mice (Table 5) .
DISCUSSION
Mortality associated with ALI remains higher than acceptable, and treatments beyond supportive care to reduce this level have not proven to be reliably effective. Because the death of ALI patients more often results from causes beyond refractory respiratory failure (15, 26, 43) , we established a mouse model to identify genes linked to mortality with ALI. Using a mouse model of HALI, we previously embarked on a forward genetics approach using QTL analysis to identify critical regions controlling outcome differences in mice. Not surprisingly, this trait is complex, with at least six QTLs affecting the survival time difference between B and S strains of inbred mice. Unexpectedly, we revealed that the sensitive parental strain carried resistance QTLs, which contributed to prolonged survival in recombinant offspring. Overall survival times were also affected by sex and cross, with clear parent of origin effects in reciprocal F 2 populations (32, 33) . To validate these F 2 results and to further characterize the inheritance pattern and relative Fig. 4 . Additive effects of Shali QTLs. In the combined backcross plus F2 dataset, the contribution of each QTL or QTL combination to overall survival time was determined by calculating the MST difference between mice containing resistance alleles versus sensitivity alleles for the representative peak marker of each QTL (i.e., D1Mit303, D4Mit308, D9Mit355, D15Mit184, D1Mit34, and D18Mit177). For example, the calculated MST of all mice that were homozygous B for D1Mit303 was compared with the MSTs of mice that were homozygous S or heterozygous for D1Mit303. This was extended to include two-and three-QTL combinations. The largest difference between the most sensitive and resistant genotypes are presented for one QTL and for the best two-and three-QTL combinations (which always includes the Chr 1 QTL). Numbers within bars represent the Shali QTLs (i.e., 1 ϭ Shali1, Chr 1; 2 ϭ Shali2, Chr 4; 3 ϭ Shali3, Chr 15; 4 ϭ Shali4, Chr 9; 5 ϭ Shali5, distal Chr 1; and 18i ϭ Shali18i, interaction QTL on Chr 18). The number at the top of each bar corresponds to the percent penetrance of the resistance trait (i.e., the percentage of mice that carry the specific resistance allelic combination with a MST Ͼ 168 h), as previously defined (33) . *The parental strain difference refers to all mice tested to date (n ϭ 169 B mice and 180 S mice) and includes those previously reported (33). importance of the significant QTLs, we generated and analyzed a large backcross population consisting of mice from all eight possible mating schemes. Significant cross and/or sex differences were determined between many of the backcross cohorts. For example, MSTs of backcrosses generated with a maternal or grandmaternal S strain were resistant except when an inbred S mouse was the sire. Similarly, backcrosses generated from a maternal or grandmaternal B strain were more sensitive, although less so when an inbred S mouse was the sire. On average, males survived 5% longer than females. Phenotype differences between the sexes are not uncommon, having been reported in many diseases, including several lung-related phenotypes (14, 17, 31, 41, 42) . Whether this sex difference is biologically relevant is still to be determined. Backcross data were also consistent with a maternal inheritance pattern for HALI survival time, a finding that has now been supported by all four F 2 crosses and seven of the eight backcrosses. Further evidence in F 2 and backcross mice suggested that paternal inheritance of one or more genes may also be important (32) . Accordingly, progeny from the backcross pair generated with a B sire were more resistant than those from an S sire. Interestingly, F 2 analysis was consistent with HALI survival time tracking with the Y Chr. However, the MST for six of eight backcrosses disagreed with the paternal grandfather strain, effectively ruling out Y Chr inheritance. These results confirmed the sex, cross, and parent of origin effects previously identified in the F 2 population.
Parent of origin effects can be caused by several genetic and epigenetic phenomena, including imprinting and other sources of differential allelic expression and maternal (including mitochondrial inheritance) and paternal inheritance as well as nongenetic maternal effects (i.e., intrauterine and rearing effects). Because homozygous mothers can only give rise to one of the reciprocal heterozygotes, maternal effects can mimic patterns of phenotypic variation expected for various forms of imprinting (19) . Our results were consistent with maternal inheritance but could also be explained by an imprint that turns on maternal gene expression or turns off paternal gene expression. Because mitochondrial DNA is almost entirely inherited through the maternal germline, mitochondrial inheritance could have a role in HALI survival time. As with maternal inheritance, seven of eight backcrosses were consistent with mitochondrial inheritance; only the SB.S backcross disagreed. Mitochondrial dysfunction has been implicated in many diseases (30, 37) , including numerous lung diseases (6, 10, 35) . In addition, HALI is known to damage the pulmonary endothelium and vasculature (12) , and hyperoxia induced apoptosis of epithelial cells involved mitochondrial pathways (28) . Mitochondrial electron transport chain activity was compromised in lung epithelial cells isolated from rats after HALI (3). These data suggest that mitochondrial damage is an important factor in lung injury. However, mitochondrial diseases are multisystemic and virtually every organ system can be involved. Since ALI mortality often involves other organs, mitochondrial DNA mutations in nonpulmonary organs and tissues could be also relevant. Nonetheless, although not ruled out specifically, mitochondrial inheritance seems less likely to contribute to HALI survival time than maternal inheritance of nuclear genes.
QTL analysis of total backcrosses verified the significant linkages of Shali1-3. Combining this backcross population with the previous F 2 group identified Shali1-5 as highly significant, with Shali1-2 being highly significant in separate cohorts of males and females. Because the backcross population was generated from the same two inbred strains used for the large F 2 population, we anticipated the confirmation of these QTLs; however, we also expected to further resolve the QTL intervals. The Shali1 interval determined for the backcross population was 54 -68 Mbp on Chr 1. This interval fits within the Shali1 interval identified for the F 2 population (i.e., 50 -71 Mbp), thereby refining Shali1 to this 14-Mbp interval. The QTL interval for Shali2 was also refined to some extent, although suggestive evidence remains for at least three separate QTLs on Chr 4. QTL results of backcrosses suggested that the highest linkage is for the distal third of Chr 4, with the 1.5-LOD confidence interval spanning from 104 Mbp to the terminus. This region appears to harbor two of the three aforementioned QTLs identified in the F 2 analysis. The more proximal QTL, which was highly significantly linked in the F 2 population, did not reach significance in the backcrosses. Nonetheless, QTL analysis results from the combined F 2 and backcross populations identified three peaks for Shali2 with LOD scores over 10, spanning from 58 Mbp to the terminus. The peak for Shali3 was again mapped to the central region of Chr 15 (near 40 Mbp), but, as seen in the F 2 population, the peak was broad and shallow and still contained much of Chr 15. Shali4 at the distal end of Chr 9 was confirmed in combined analysis. The broad (Shali3) and multiple-peaked (Shali2) QTLs can be ascribed to many causes, including several loci within the QTL intervals, decreased penetrance of the trait, gene-gene interactions, and other genetic and epigenetic phenomena. For these collective QTL intervals, conservative congenic lines or full Chr substitution strains will be required for Shali2 and Shali3, but refined congenic lines should suffice for Shali1 and Shali4.
Dividing the total backcross population into group S and B backcrosses provided an interesting validation of the total backcross and F 2 QTL results. Whereas the total backcross and total F 2 populations identified all five Shali QTLs, group S backcrosses identified Shali1 and Shali3 and group B backcrosses detected only Shali2. These results further supported that Shali1 and Shali3 are dominant or additive for resistance in the S strain (group S backcrosses were significantly linked to Shali1 and Shali3) and Shali2 is dominant or additive resistance QTLs in the B strain (group B backcrosses were highly significant linked to Shali2). Because the total backcross population contains all three genotypes (SS, SB, and BB), all significant loci could be detected. However, since the separate group B and S backcross sets only contain heterozygous and one of the homozygous genotypes, and heterozygosity yielded a reduced survival time, the major Shali loci were sorted in the backcrosses primarily due to their homozygous dominant effects. These findings agree with previous QTL and segregation analyses results that have suggested the existence of dominant HALI resistance alleles in both parental strains (32, 33) .
To estimate the specific contributions that the linked QTLs had on survival time, we calculated the separate and combined allelic effects in mice carrying the different genotypes for the peak markers representing the Shali loci in the total backcrosses, group B and S backcrosses, and combined populations of F 2 and total backcrosses. Compared with the previous F 2 results, backcrosses were less likely to detect significant MST differences between genotypes for the established Shali QTLs, and, when detected, the differences were smaller. This was expected because mice heterozygous for the different peak markers demonstrated variable sensitivity; heterozygotes were intermediate in phenotype for Shali1, similar to the sensitive homozygotes for Shali4 and Shali18i, or not significantly different than either homozygote for Shali2, Shali3, and Shali5. Still, the combination of the F 2 and backcross data confirmed the significant differences for all Shali QTLs. In fact, significance of the major Shali loci was further supported by including both homozygous genotypes in a single file (as in the F 2 dataset) and by increasing the number of mice with specific sensitive and resistant genotypes for the markers of interest.
Combining alleles of peak markers for multiple QTLs was useful to identify and quantify the QTL-QTL additive effects between the major loci. The estimated contributing effects for the different Shali combinations revealed that many different combinations are potentially effective and suggested possible functional overlap among the loci. The data were the strongest and most consistent for three-QTL combinations, reaching MST differences between sensitive and resistant genotypes of 3 days or more, with improved penetrance for several combinations of three loci. Although additional QTLs in combination suggested similar additive trends, sample sizes for the individual sensitive and resistant allelic combinations were smaller and less reliable. Nonetheless, the trend highlighted the potential importance of all identified Shali QTLs. For example, backcross mice with resistance alleles for Shali1-5 had a MST of 184 h (n ϭ 9), whereas mice with sensitivity alleles for all five QTL peak markers had a MST of 89 h (n ϭ 9), an average survival difference of 4 days, representing a doubling of the MSTs between the groups. Moreover, six of nine mice with resistance alleles had a resistant phenotype (67% penetrance), whereas zero of nine mice with sensitivity alleles for these five loci had a resistant phenotype. This correlation was stronger than expected, given that the remainder of the genome of each mouse varied outside these QTL markers and gives hope that, with the right combination of genes and alleles, survival time and penetrance can be improved considerably over those for the S strain.
From these results, we predicted the most sensitive and resistant allelic genotypes for recombinant mice (Table 5 ). These data suggest that S mice can be made more resistant by introducing resistant B alleles at Shali2 and/or Shali4 and B mice can potentially be made more sensitive by introducing sensitive S alleles at Shali2 and/or Shali4. As proof for this concept, we are currently generating reciprocal consomic or congenic lines for all six Shali loci (Shali1-5 and Shali18i). When constructed, we will have the ability to generate mice containing any combination of sensitive and resistant QTLs in either background strain, which are deemed important in individual congenic strain analyses.
Many previously identified QTLs relate to oxidant lung injury, inflammation, or function and overlap the Shali intervals. Two QTLs, including the modifier of LPS response 2 (Mol2) and a suggestive locus for nickel-induced acute lung injury, map to the Shali1 interval (23, 34) . The Shali2 interval contains at least three QTLs of interest, including Lhyp, a locus controlling ozone-induced lung hyperpermeability (21), a significant but unnamed QTL for silica-induced pulmonary fibrosis (27) , and a suggestive locus for pulmonary tolerance to zinc oxide exposure (48) . The Shali3 interval includes Bhr2, a locus for bronchial hyperresponsiveness (13) , and several QTLs controlling pulmonary function (16) . A QTL for macrophages in bronchoalveolar lavage after butylated hydroxytoluene administration (22) and a suggestive locus for nickel-induced acute lung injury (34) map within Shali4 on distal Chr 9. Specific candidate genes for these QTLs, found in the original reports, can be considered as candidates for the Shali QTLs and, together with those previously described for the Shali loci (33), make up a preliminary list of positional candidate genes for HALI survival time. As noted earlier, however, mortality often results from nonpulmonary causes, so candidate genes associated with other organs and tissues must also be considered.
In summary, the two major QTLs (Shali1 and Shali2) previously identified with highly significant linkage to HALI survival time in a large F 2 population were confirmed in a large backcross population generated from the same B and S inbred strains. Most evidence supports maternal inheritance for survival time, with significant cross and sex differences. Results further support that the two major loci, together in different combinations with several other modifying loci, can enhance survival time and increase penetrance. These findings have set the stage for generating congenics to further resolve these major QTLs and to begin to predict and test viable candidate genes. In addition, multicongenics that carry combinations of beneficial QTLs should lend insight into the potential additive gene effects for improved HALI outcome.
